Using spectrally resolved femtosecond two-and three-pulse nonlinear spectroscopy we study the dynamics and coherence properties of excited carriers in ZnO/ZnMgO quantum wells (QW) and silicon quantum dot (QD) structures embedded in silicon nitride (SiN). The contribution of biexcitons in ZnO/ZnMgO quantum wells at room temperature is identified. For Si quantum dots embedded in SiN a very short dephasing time of < 180 fs at room temperature is observed.
INTRODUCTION
Nonlinear coherent optical studies can provide valuable information about the coherence properties and dynamics of carriers in quantum structures, which are important for the fabrication of many optoelectronic devices. Although the nonlinear signal intensity is rather low for semiconductor quantum structure samples, there are a number of experiments which can be considered for studying the optical properties using coherent laser pulses [1] [2] [3] [4] . Four-wave-mixing (FWM) experiments [1] , pump-probe spectroscopy [3] , time resolved photoluminescence [5, 6] , and photon echo experiments [4, 7] have been applied to the measurement of the dephasing and life-time of quantum systems. The existence of a short dephasing time [8] , the so-called "pure" dephasing induced by elastic carrier-phonon interactions [1] , has been demontrated in quantum structure systems. Pure dephasing results from the electron-phonon coupling that does not change the electronic occupation number in certain states or the redistribution of excited carriers. The development of efficient silicon light-emitting materials based on silicon nanostructures opens a new phase for applications related to the optoelectronic properties of silicon, which has been the backbone of advances in electronics for several decades. In other developments, the large band-gap materials, such as the Group III nitrides and II/VI semiconductors, have provoked much interest recently as the push for devices that emit in the blue/UV region of the spectrum continues [9] . The band gap of 3.65 eV and the large exciton binding energy of 60 meV make ZnO based structures ideal candidates. Furthermore it is predicted and has been shown in other semiconductor system that biexciton transitions play an important role in stimulated emission and can operate with an even low threshold [10] . The biexciton binding energy has been measured to be in the range of 12 -16 meV in bulk ZnO [10] and in ZnO/ZnMgO quantum wells it is expected to be enhanced due to quantum confinement.
In this paper we use femtosecond spectrally resolved two and three-pulse nonlinear spectroscopy to study the dynamics and coherence properties of excited carriers in silicon quantum dot (QD) structures embedded in silicon nitride (SiN) and ZnO quantum wells (QW). The contribution of biexcitons in ZnO/ZnMgO quantum wells at room temperature and the very short dephasing time of excited carriers in silicon QDs are determined and discussed.
EXPERIMENTS, RESULTS AND DISCUSSION
In three-pulse nonlinear spectroscopy three ultrashort pulses are used, two pump pulses with wave-vectors k 1 and k 2 and a probe pulse with wavevector k 3 . The first pulse k 1 excites the optical transition coherently. After a time t 12 the second pulse k 2 interacts with the freely evolving system, resulting in a phase and population distribution (like a grating) of electrons and holes. This phase and population grating in frequency space gives rise to a frequency-modulated transmission spectrum of the sample with an amplitude that depends on the separation of the two pump pulses, t 12 , called the coherence time. The third pulse k 3 interacts with this grating resulting in a signal some time after the third pulse. Electron and hole relaxation washes out the grating during the separation of the second and the third pulses t 23 , called the population time. Any nonlinear optical signal can be expressed as a convolution of the nonlinear electronic polarizations P NL generated by the excitation fields. In the first order approximation this type of experimental data from isotropic samples can be analysed by comparing with the signal generated by the third-order electronic polarization P (3) [11, 12] .
In our experiments the ultrafast pulses are generated by two independently tunable optical parametric amplifiers (OPA), pumped by a 1 mJ amplified pulse (80 fs, 800 nm, 1 kHz), with wavelengths in the range 300 -800 nm. Three beams with time delays t 12 (between pulses k 1 and k 2 ) and t 23 (between pulses k 2 and k 3 ) are aligned in a triangular configuration and focussed by a 20 cm focal length lens on to the same spot (diameter 300 µm) where the sample is placed [12] . The signals are detected in the phase-matched direction k 4 = -k 1 + k 2 + k 3 or k 4 ' = -k 1 + 2k 2 (for the case of only two pulses) by a spectrometer equipped with a CCD array (spectral resolution < 1 nm) and measured at a range of fixed coherence times t 12 or population times t 23 by scanning the other delay time t 23 or t 12 , respectively. Positive time is when the k 2 pulse precedes k 1 for the t 12 delay or k 3 for the t 23 delay.
A single crystal stack of 19 ZnO/Zn 0.7 Mg 0.3 O quantum wells, each 2 nm thick, grown on a-plane sapphire by molecular beam epitaxy has been used. The silicon quantum dot sample consists of 10 bi-layers of silicon quantum dot superlattices in a nitride matrix. A typical high resolution transmission electron microscope image shows spherical silicon nanocrystalline quantum dots with 4 nm diameter. The photoluminescence spectrum of the sample discussed here shows a peak at 350 nm with a full width at half maximum of 20 nm corresponding to transitions from the ground state. Two-pulse nonlinear spectroscopy has been used for this study where the wavelength of both pulses is set to be resonant with the centre of the quantum-well transition at 350 nm. Figure 1 shows (a) the spectrally resolved and (b) integrated nonlinear signal in the 2k 2 -k 1 direction data for different excitation intensities. It can be seen in the spectrally resolved data that as the intensity increases from I 0 ~ 1 mJ cm -2 per pulse to 5I 0 the signal spectrum is broadened. This is due to many-body effects, which become important at high excitation densities, and can include the presence of biexcitons. It is also apparent that as the delay between the pulses increases in the positive direction, the spectral width decreases, indicating that there is some signal from the sample after the excitation pulses have ceased temporally overlapping. The time evolution of the integrated signal provides further insight: for each of the four excitation intensities, the decay of the signal for positive delay remains the same; however, for negative delay, the decay time is very short for low excitation intensity, but increases with the intensity. This suggests that there is a significant signal at negative delays, beyond the temporal overlap of the two pulses, which is only present at high excitation intensity. The possible origins of this signal include excitation induced dephasing and the presence of biexcitons.
Biexciton in ZnO quantum well

Dephasing time of silicon quantum dots
The photoluminescence (PL) and inverse reflection spectra (which are similar to absorption spectra) from the siliconi QD sample show a peak at about 600 nm which is assigned to the band-edge transition. In the three-pulse nonlinear spectroscopy used here, three ultrashort pulses with pulse widths of about 100 fs are used, two pump pulses with wavevectors k 1 and k 2 , and a probe pulse with wave vector k 3 , where the wavelength λ 1 = λ 2 = λ 3 = 600 nm and 545 nm. With the pump wavelength (laser pulses k 1 and k 2 ) at 600 nm, we expect that the laser pulse generates carriers predominantly around the band edge. With the pump wavelength at 545 nm, we expect that the laser pulse interacts with phononassisted transitions to the band edge. For a fixed delay t 23 = 160 fs a symmetric intensity profile centred at t 12 = 0 with a decay time of ~ 40 fs (for both positive and negative time delay) as a function of t 12 is observed, as shown in Fig 2(e-f) . The signal spectrum ( Fig. 2(a) and Fig. 2(c) ), which is the same as the spectrum of the probe pulse, indicates that the observed signal involves the diffraction of the probe pulse by the grating induced by the two pump pulses and that the spectrally integrated signal (Fig  2(e) and 2(f)) reflects the time profile of the laser pulse. For a fixed delay t 23 = 0 a slight extension of the signal to negative delays t 12 and a peak shift [11] is seen, as shown in Fig. 2 (e) and Fig. 2(f) . For t 23 = 0, the negative delay of t 12 favours rephasing processes and a photon echo signal can be generated [19] . The amplitude of the photon echo signal is expected to decay as a function of t 12 , with a decay rate 4/T 2 [11, 12] , where T 2 is the dephasing time. While the difference of the time profiles for the fixed delay at t 23 = 0 and t 23 = 160 fs (Fig 1(e-f) ) is small, the peak shift on the time axis and the difference in the spectra for the two cases is clear ( Fig. 2(a-d) ). The broadening of the spectrum and the peak shift for t 23 = 0 indicate that the detected signal in this case is not simply the diffraction of the probe pulse and that an additional signal is generated in the sample from the induced nonlinear polarization, and hence there is some finite dephasing time for the probed transitions. Based on this assumption that the signal at negative t 12 , with a decay time of ~ 45 fs, contains a photon echo on top of the contribution from the overlap of the laser pulses, a dephasing time T 2 < 180 fs is obtained.
CONCLUSION
We have used femtosecond spectrally resolved two and three pulse nonlinear spectroscopy to identify the presence of biexcitons in the ZnO/ZnMgO quantum wells and study the dephasing of silicon quantum dots at room temperature. The large number of available degrees of freedom in the time scans and the wavelengths of the laser pulses allows us to determine the dephasing and ultrafast relaxation in quantum structures on a femtosecond and picosecond time scale.
